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Abstract—The conductor for helical coils of the Large Helical 
Device consists of a Rutherford-type NbTi/Cu cable, a pure alumi-
num stabilizer, and a copper sheath. The dimensions of the conduc-
tor and the stabilizer cross-sections are 18.0 mm × 12.5 mm and 
12.4 mm × 5.2 mm, respectively. The measured cold-end recovery 
current in the magnetic field parallel to the shorter side (B//12.5) is 
clearly lower than that in the field parallel to the longer side 
(B//18.0) because of the difference in magnetoresistance by Hall 
currents. Since the minimum propagation current Imp is important 
to determine the upper limit of operation current, Imp has been 
measured for two types of one-turn coil samples, which were bent 
flatwise (B//18.0) and edgewise (B//12.5) with the inner radius of 
0.14 m to extend the length in the uniform background field of the 
test facility. The measured Imp at B//12.5 is almost the same as that 
at B//18.0 in spite of the large difference in the steady-state re-
sistance. Imp is considered to be determined by the heat balance be-
fore the current diffuses deeply into the stabilizer.  
  
Index Terms—aluminum stabilizer, cold-end recovery current, 
Hall current, magnetoresistance, minimum propagation current 
I.  INTRODUCTION 
ELICAL coils of the Large Helical Device (LHD) adopt a 
composite conductor that consists of a Rutherford-type 
NbTi/Cu cable, a pure aluminum stabilizer, and a copper 
sheath [1]. The conductors were supplied by Hitachi, Ltd. The 
copper sheath consists of a U-shaped part and a top cover, and 
they were welded after insertion of the cable and the stabilizer. 
The stabilizer is clad with a Cu-2%Ni layer of 0.4 mm thick 
for reduction of magnetoresistance induced by Hall currents 
flowing in the aluminum stabilizer through the copper sheath 
and the cable [2]-[5]. The dimensions of the conductor and the 
stabilizer cross-sections are 18.0 mm × 12.5 mm and 12.4 mm 
× 5.2 mm, respectively. Since the Hall voltage is proportional 
to the length of the material across the magnetic field, the 
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magnetoresistance of the conductor is the highest in the mag-
netic field parallel to the shorter side (B//12.5). 
The LHD helical coil was designed to be cryostable, that is, 
the cold-end recovery current Ir is higher than the operation 
current of 13.0 kA. However, propagation of a normal zone 
has been observed several times in the first and second layers 
of the helical coils at higher than 11 kA that is obviously low-
er than Ir measured with conductor tests [6], [7]. Additional 
heat generation caused by slow current diffusion into the pure 
aluminum stabilizer is able to induce propagation of a normal 
zone at the current lower than Ir. The minimum propagation 
current Imp is important for pool-cooled magnets to determine 
the upper limit of the operation current. Since the direction of 
the magnetic field in each conductor of the helical coil varies, 
the effect of the field direction on Imp has been measured using 
two types of one-turn coil samples that were bent flatwise and 
edgewise. This paper intends to summarize the experimental 
results and to discuss the effect of Hall currents on Imp.  
II. EXPERIMENTAL SETUP AND METHOD  
A. Samples and Setup 
Coil-shaped samples were adopted to elongate the uniform 
field length. Two conductor samples were prepared. Sample-A 
was bent flatwise, and Sample-B was bent edgewise with the 
inner radius of 0.14 m, as shown in Fig. 1. The conductors 
were clamped with GFRP (Glass Fiber Reinforced Plastic) 
blocks with width of 22 mm by 51-52 mm pitch. Then, the 
wetted surface fraction was 57-58%, which was equivalent to 
those of the 2nd-4th layers of the LHD helical coils. The 
GFRP blocks were fixed from an inside ring support. Ni-
chrome heaters and thermo-sensors were attached on the con-
ductor with epoxy resin under the GFRP blocks. Longitudinal 
voltage taps VLA1-5 and VLB1-5 were attached on the con-
ductor with solder to detect the transition to normal state. 
Since the positive pole of VLA3 was disconnected, the voltage 
between the negative pole of VLA3 and the negative pole of 
VLA4 was utilized as new VLA3. In addition, VLA5 was not 
available because of disconnection of the leading cable. 
Sample-A and Sample-B were jointed in series, and they 
were installed into a test facility with a 9 T split coil [8], as 





was parallel to the longer side (B//18.0) for Sample-A and to 
the shorter side (B//12.5) for Sample-B. The field strength at 
the conductors was 85% of the central field of the split coil. 
The samples were cooled with liquid helium. 
B. Experimental Method  
At first, the background field coil was charged. Secondly, 
the sample current was ramped up to the testing value. After 
that, the heater at the bottom position of the testing sample 
was excited from low power. The duration of the heat input 
was set at 0.02 s. The maximum heater power was 100 W. 
Propagation of a normal zone was detected with longitudinal 
voltage taps and thermo-sensors. The sampling rate was 1 kHz 
with low pass filter of 5 kHz. In the case that the normal zone 
stagnated, Ir was measured with decreasing the current by the 
rate of 20 A/s. 
III. EXPERIMENTAL RESULTS 
A. Output of voltage taps and thermo-sensors  
Example outputs of the voltage taps and the thermo-sensors 
of Sample-A and Sample-B are shown in Figs. 3 and 4, re-
spectively. The outputs of voltage taps were affected by the 
shift of the transport current during transition between super-
conducting state and normal state. Since the route of the cable 
of VLA1 was outside of the coil-shaped sample, the inductive 
voltage caused by the inward shift of the transport current dur-
ing propagation of a normal zone was positive, and its output 
was enlarged. On the contrary, the routes of the cables of 
VLA2-4 were inside, and their outputs were reduced by the 
inductive voltage. The routes of cables of VLB1-5 were out-
side. Since each surrounding area by the cable and the conduc-
tor was perpendicular to the direction of the current shift, the 
effect of the current shift on the voltage output was small. 
In the case of Sample-A (B//18.0), normal zones propagated 
to only the downstream side of the current with recovery from 
the upstream side at currents slightly higher than a threshold 
current. They propagated to both sides at further high currents 
and also recovered to superconducting after the propagation 
stopped at the low field region at the terminals. Less than 13 
kA at 6.81 T, 14 kA at 5.96 T, or 15 kA at 5.11 T, all normal 
zones were recovered, that is, these currents were lower than Ir. 
Propagation velocity in the downstream side of the current 
was faster than that in the opposite side. Necessary heating 
power for propagation of a normal zone is shown in Fig. 5. 
Propagation occurred at the current higher than the threshold 
value that is lowered with increasing the field. In some range 
of currents, one-side or both-side propagation depends on 
heater power, as shown in Figs. 3a and 3b. The initial length 
of the normal zone should depend on the heater power. 
In the case of Sample-B (B//12.5), most of the normal zones 
propagated to both sides and stagnated, as shown in Fig. 4b. Ir 
was measured with decreasing the current after stagnation of 
the normal zones. One-side propagation or stagnation of a 
short normal zone occurred around the threshold current, as 
shown in Fig. 4a. Propagation velocity in the downstream side 
 
Fig. 1. (a) A photo of Sample-A. (b) A photo of Sample-B. 
 
 




of the current was almost the same as that in the upstream side. 
The threshold current of Sample-B for propagation of a nor-
mal zone at each field was almost the same as that of Sample-
A, as shown in Fig. 5. 
B. Minimum propagation current  
The minimum heat input for propagation increased as the 
current decreased in the same background field, as shown in 
Fig. 5, and it increased sharply at a certain current, which can 
be defined as Imp. The heater power of 100 W (2 J) should be 
sufficient heat input at higher field than 5.11 T. Ir and Imp of 
Sample-A and Sample-B are shown in Fig. 6. In this setup, Imp 
of Sample-B is higher than Ir. The length of normal zones in-
duced with the heater is considered to be limited within two 
pitches even in the case of 100 W, because the thermo-sensor 
TEA2 changed only when a normal zone propagated. Accord-
ing to Fig. 6, Imp of Sample-A and Imp of Sample-B are almost 
the same in spite of the great difference in Ir. Therefore, Imp is 
considered to be determined by the heat balance before the 
magnetoresistance by Hall currents becomes dominant. 
C. Propagation velocity  
Propagation velocities of Sample-A and Sample-B are 
shown in Figs. 7 and 8, respectively. Downstream velocity of 
Sample-A was almost twice the upstream velocity, which is 
consistent with the references [9]-[13]. This asymmetrical ve-
locity is considered to be caused by electric field induced by 
the transfer current across the external field [14]. Downstream 
propagation velocity of Sample-B was almost the same as the 
upstream velocity, and this value was comparable to the aver-
age velocity of downstream and upstream of Sample-A at the 
 
Fig. 3. Voltages and temperatures during propagation of a normal zone in 
Sample-A in the case of (a) 11.0 kA at 6.81 T with 19 W and (b) 11.0 kA at 
6.81 T with 50 W. Smoothing by 20 points was adopted for only VLA3. 
 
 
Fig. 4. Voltages and temperatures during propagation of a normal zone in 
Sample-B  in the case of (a) 9.8 kA at 6.81 T with 100 W and (b) 12.0 kA at 
6.81 T with 16 W. Smoothing by 5 points was adopted for VLB1-5. 
 
Fig. 5. Minimum heating power for propagation of a normal zone in 
Sample-A and Sample-B. 
 
 
Fig. 6. Minimun propagation current Imp and cold-end recovery current Ir. Ir 




same current and field. Minimum velocity of Sample-A was 5 
m/s, and Sample-B was 3.5 m/s. It took less than 0.015 s for a 
normal zone to propagate to the next uncooled area under the 
GFRP block. 
D. Steady-state Resistance  
Steady-state resistances after current diffusion are shown in 
Fig. 9 in comparison with the calculation [4]. The resistance of 
Sample-B was three times as high as that of Sample-A. The 
main cause was the difference in height of the aluminum stabi-
lizer. Field dependence of the resistance was in good accord-
ance with the calculation. According to the calculation, con-
tact resistance in the Hall current circuit in Sample-A was 
quite high. The contact resistance between CuNi layer and 
NbTi/Cu cable or Cu cover should be high in Sample-A. 
IV. DISCUSSION 
Heat generation during current diffusion into aluminum can 
be calculated analytically [15], [16], and the time dependence 
of resistance is expressed by exponential function. For exam-
ple, the resistance at 6.13 T (B//18.0) of the Model Coil of the 
LHD helical coil [17] is fitted by 
ρ = 0.67 + 1.07exp(-t/0.059)  (1) 
where ρ (µΩ/m) and t (s) are resistance per unit length and 
time [7], which means that the steady-state resistance is 0.67 
µΩ/m. In the case of Sample-B, the steady-state resistance at 
6.13 T is 1.4 µΩ/m from Fig. 9. ρ in (1) becomes this value at 
t of 0.022 s which is longer than the time for a normal zone to 
propagate to the next uncooled area. Since the heat generation 
due to current diffusion is considered to be independent of the 
direction of magnetic field, the heat generation at the begin-
ning of current diffusion should be the same between Sample-
A and Sample-B. Imp should be determined by the heat balance 
before the magnetoresistance becomes dominant. 
Imp of Sample-A and Sample-B are in good accordance with 
those of the conductors in the first and second layers of the 
LHD helical coils as well as the Model Coil in spite of the 
large deviation of the magnetoresistance that varies with the 
contact resistances in the conductors. Therefore, we can con-
clude that the effect of the direction of the magnetic field on 
Imp can be neglected for the LHD helical coils. 
V. SUMMARY 
The minimum propagation currents of a composite conduc-
tor of the LHD helical coil have been measured with coil-
shaped conductor samples under the background field up to 
6.81 T. Sample-A was bent flatwise (B//18.0), and Sample-B 
was bent edgewise (B//12.5). The steady-state resistance of 
Sample-B is three times higher than Sample-A because of the 
difference in magnetoresistance due to rectangular shape of 
the aluminum stabilizer. In spite of the large difference in 
magnetoresistance, their measured minimum propagation cur-
rents are almost the same. The minimum propagation current 
is considered to be determined by the heat balance before the 
magnetoresistance becomes dominant than the additional heat 
generation due to the current diffusion. 
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